Introduction
The development of the ports of Ukraine requires the construction of deepwater berthing facilities for servicing modern large-tonnage vessels. The existing construction solutions for deepwater berths are labor-intensive and material-intensive if they require, for example, complex tonguing and grooving [1, 2] or using transverse rows of sheet piles [3] . Therefore, it is necessary to develop and implement innovative design solutions in hydraulic engineering. Nowadays, the most rapidly constructed structures are sheet pile walls [4] , so the creation of new design solutions with sheet piles is important. One of the proposed solutions is a sheet pile wall with counterforts [5] , which has received a patent for the invention itself [6] and a utility patent for the construction method [7] . Counterforts contribute to a significant reduction of lateral earth pressure on the front wall and a rational distribution of material in the construction. However, the use of a new design in practice necessitates the development of a method for calculating the lateral earth pressure, taking into account the relief effect of the counterforts. It is also necessary to conduct research on the stress-strain state of the system "a sheet pile wall with counterforts plus the soil environment". The solution of the task is an important link in the study of the new type of construction, which will allow introducing it into engineering practice.
Literature review and and problem statement
The main load on retaining walls is produced by lateral earth pressure. To study the joint effect of the soil backfill and the construction, numerical calculation models [8] are developed and approaches for optimal design are sought [9] . In order to reduce earth pressure on the retaining wall, various relief devices are offered, such as horizontal shelves located on the backfill side [10, 11] or a relief platform [12] .
Counterforts are also one of the types of relief elements in the structure. Calculation methods for defining the relief influence of counterforts are based on theoretical, laboratory and field studies. Moreover, a method has been proposed for calculating the screening effect of counterforts, which provides for correcting the active earth pressure using empirical dependence obtained on the basis of tests [13] :
where k is the coefficient of decrease in the intensity of the active earth pressure:
where H is the height of the counterfort, m; b is the counterfort width, m; c is the distance between the counterforts, m; m is the empirical coefficient, which is determined depending on the ratio , d c where d is the thickness of the counterfort, m; and z is the point penetration relative to the backfill surface, m. The resulting theoretical solution [14] involves calculating the pressure on the "separating" slip plane formed in the backfill at the wall displacements and the estimation of the distribution of the horizontal component of the initial pressure between the front wall and the counterforts. The calculation is based on assuming the formation of shifts in the soil along the planes, coinciding with the faces of the counterforts. In order to determine the earth pressure, the following dependence was obtained:
where σ a is the active earth pressure on the "separating" plane, kPa; ξ is the coefficient of lateral earth pressure in the absence of transverse expansions; A and t are the geometric parameters of the horizontal section of the prism that moves along with the structure, m; E is the modulus of the soil deformation, MPa; υ kр is the shear angle corresponding to the limiting value of the deflection angle δ=φ, deg.
The method that assumes a non-linear distribution of the earth pressure on the retaining wall with vertical [15] and inclined [16] counterforts is applicable for calculating the relief effect of reinforced concrete counterforts.
The effect of counterforts on the lateral earth pressure was investigated in laboratory experiments [17] . A calculated dependence was proposed, the drawback of which is the assumption of the presence of active earth pressure along the entire perimeter of the cell. In [18] , on the basis of laboratory experiments, a case was considered when the length of the counterfort covered the entire collapse prism, partially entering the fixed part of the soil backfill. Also, the same author examined the earth pressures on the retaining walls with counterforts depending on the movements [19] . However, such constructions do not always find practical application.
In full-scale conditions, the relief effect of counterforts was studied in the port of Hakata (Japan) on a corner-type embankment with counterforts [20] . It is known from the report that the pressure on the front wall and the side faces of the counterforts was distributed according to a linear law. At the same time, the concentration of pressure at the ends of the counterforts was recorded due to the inclination of the wall towards the backfill.
RD 31.31.27-81 "Guidelines for the design of marine berthing facilities" [21] recommends a degree of 20÷30 % of the relief influence of counterforts. This approach is not entirely accurate due to the fact that it was developed for one type of configuration of counterforts used in the construction of mooring structures such as a corner wall.
The existing methods for calculating the relief effect of counterforts, which were developed earlier, are very approximate when calculating a new design, since they were developed for reinforced concrete corner walls. Nevertheless, when calculating lateral earth pressure on an innovative sheet pile wall with counterforts, it seems possible to extend the scope of V. S. Zelensky's method. Such an approach seems to be fully justified if the diagram of lateral earth pressure is considered in parts in terms of height, with determining the degree of influence of the counterforts on the front wall for each part.
The aim and objectives of the study
The aim of this work is to develop a method for calculating the relief effect of counterforts and to research the stress-strain state of the system "a sheet pile wall plus the soil environment". The results are likely to help introduce a new constructive solution into the practice of designing and constructing hydraulic structures and to facilitate improving the quality of future projects and the reliability of the constructed facilities in the process of their operation.
To achieve the aim, the tasks are the following: -to improve the method for calculating the lateral earth pressure, taking into account the relief effect of the counterforts in the sheet pile wall for various forms of counterforts; -to carry out numerical modeling of the system "the soil environment plus a sheet pile wall with counterforts"; -to assess the stress-strain state of the system "the soil environment plus a sheet pile wall with counterforts".
Materials and methods for studying the distribution of lateral earth pressure on a sheet pile wall with counterforts
The scope of V. S. Zelensky's method was extended for the case of calculating earth pressure on sheet pile walls with different configuration of counterforts (with downward expansion and with upward expansion). This did not take into account the phenomenon of "hanging" soil over the counterforts of variable height. In the rear part of the wall, the soil was considered as inhomogeneous.
Earlier, in [22] , only the section with a counterfort was considered. In the present work, in the design scheme, two characteristic sections are identified throughout the entire height of the face wall. The first section is the construction with a counterfort, located within the prism of collapse, and the second section is without a counterfort. The boundaries of the upper section are 0≤z≤d, and the boundaries of the lower section are d≤z≤Н, where d is the height of the counterfort, and H is the height of the wall. In this case, b 1,2 are the widths of the counterfort at the top and the bottom, respectively; θ is the angle between the plane of collapse and the horizontal plane, which is equal to 45+0.5 φ; α is the angle of inclination of the rear face of the counterfort to the horizontal plane.
1. The distribution of lateral earth pressure on a sheet pile wall with a counterfort with downward expansion
In solving this problem, the equilibrium condition is considered for the elementary volume 12341'2'3'4' with the width S, separated within the upper section (Fig. 1) .
Fig. 1. A diagram for calculating the earth pressure on the wall with a downward expanded counterfort
By designing the normal and tangential forces acting along the faces of the elementary volume, together with the volume force dG on the horizontal plane, the following equation is obtained:
Taking into account the equality θ θ τ = σ φ tg , expression (4) is transformed into the following equation:
where φ is the angle of internal friction of the soil, deg; S is the step of the counterforts, m.
By designing the vertical and tangential forces acting along the faces of the elementary volume, together with the volume force dG on the vertical plane, the following expression is developed:
Taking into account that τ = σ δ tg , 
Relevant transformations produce the following equation: As a result of equating the right-hand sides of equations (7) and (9), a relationship is established between vertical stresses and horizontal pressure, characterized by the coefficient of lateral earth pressure:
where
Taking into account expression (10), equation (7) takes the form
where ( ) ( ) 
. H
When solving the resulting equation, the integration constant is based on the initial conditions z=0, σ z =q, where q is the load on the surface of the fill soil:
where = η + η 
Then the expression for determining the horizontal earth pressure in the first section of the wall, taking into account (11), can be represented in the following form:
Next, the equilibrium condition of the elementary volume 56785'6'7'8', identified within the second section (d≤z≤H), is considered. By designing the vertical and tangential forces acting along the faces of the elementary volume on the horizontal plane in the second section, expression (5) is also obtained.
Designing the vertical and tangential forces on the vertical plane produces the equation 
The transformation of this equation produces the following:
As a result of equating the right-hand sides of equations (17) and (19), a relationship is established between the vertical stresses and the horizontal pressure (10) , where
Taking into account expression (10), equation (17) The integration constant is determined from the condition of equality of vertical stresses on the boundary of the sections σ z =q, z 1 =d, where q is the vertical pressure at depth d:
Then the general solution of equation (21) takes the form
Taking into account that the expression for the lateral earth pressure coefficient within the second section has the form of (20) , the intensity of the horizontal earth pressure in the second section of the wall can be written as follows:
The obtained solutions have been numerically implemented on the basis of the developed algorithms with the use of the computer-aided calculation program MathCad.
2. The distribution of lateral earth pressure on a sheet pile wall with a counterfort with upward expansion
The equilibrium condition for the elementary volume 12341'2'3'4' is considered for the case when the wall width decreases downwards (Fig. 2) . The boundaries of the upper section are 0≤z≤d, and the boundaries of the lower section are d≤z≤Н. (4) and (5) are obtained.
The designing of the normal and tangential forces acting along the faces of the elementary volume, together with the volume force dG, on the vertical plane produces the equation
By performing similar transformations, the following equation is obtained:
The structure and nature of the calculated dependences for the lower wall section remain unchanged for the configuration of counterforts under consideration.
The obtained solutions have been numerically implemented on the basis of the developed algorithms with the use of the computer-aided calculation program MathCad. Besides, an algorithm has been developed for solving special cases of a wall without a counterfort and with a rectangular shape counterfort.
5.
Results of studying the stress-strain state of the system "a sheet pile wall with counterforts plus the soil environment"
To assess the stress-strain state of the system "a sheet pile wall with counterforts plus the soil environment", mathematical modeling is performed on the basis of the developed calculation method.
The constant initial data are the following: the wall height H=25 m; the step of the ribs S=3.0 m; the height of the stiffeners d=17.0 m; specific earth gravity γ=11 kN/m 3 ; the angle of internal friction of the soil φ=30°; and the uniformly distributed load on the surface q=40 kPa. The dependence of the lateral pressure on the shape of the counterfort has been studied, and also the friction of the soil against the wall has been taken into account. On the diagrams (Fig. 3) , the graphical dependences reflect the distribution of earth pressure along the height of the sheet pile wall with counterforts. Table 1 is used to quantify the relief effect of the counterforts. It gives the values of the resultant forces of active earth pressure, depending on the angle of friction of the soil against the wall, obtained in calculating for the sheet pile wall with counterforts and without them.
The calculations show that the relief effect is 25.8 % (for δ c =0 and δ k =0). The dependence of the lateral earth pressure on the angle value of the soil friction against the wall has also been investigated (taking into account the wall roughness). The results of the tests show that counterforts reduce the lateral earth pressure on the front wall due to the forces of the soil friction along the lateral surface of the counterforts. The earth pressure on the front wall without counterforts and with them without taking into account the roughness (δ c =0 and δ k =0) is the same. Taking into account the roughness of the front wall and the counterforts reduces the side pressure of the soil to 2.5 % (δ c =0.5φ and δ k =0.5φ). Allowance for friction forces only along the lateral faces of the counterforts (δ c =0 and δ k =φ) reduces the pressure to 15.6 % (with a downward expanded counterfort). Table 1 Values of the resultant forces of lateral earth pressure
No.
Counterfort shape
The resultant force of earth pressure, depending on the angle of the soil friction against the wall, kN 6. Discussion of the results of studying the stress-strain state of the system "a sheet pile wall with counterforts plus the soil environment"
The developed method for calculating the lateral earth pressure on the front wall allows using three types of counterforts and regulating their parameters (height, width, and step). Moreover, the developed method makes it possible to study the dependence of earth pressure on friction on the face wall and on the lateral surfaces of the counterforts. The results of the calculations show that taking into account the roughness of the wall makes it possible, with sufficient accuracy for engineering practice, to estimate the values of the resultant lateral earth pressure.
To verify the reliability of the calculated dependences, a comparison has been made with the experimental tests described earlier in [23] . A quantitative comparison of the results is given in Table 2 . The analysis of the comparison between the calculations and the tests shows a discrepancy in the quantitative ratio up to 13.3 %, which is acceptable in engineering practice.
In the future, it is necessary to research the effect of changing the counterfort parameters (step, width, and height) on the lateral earth pressure to obtain the greatest а b c Fig. 3 . Diagrams of earth pressure on the sheet pile wall with counterforts: a -rectangular; b -with downward expansion; and c -with upward expansion. 1 -at δ с =δ k =0; 2 -at δ с =δ k =0.5; and 3 -at δ с =0, δ k =φ relief effect at optimal dimensions, and also to study their effect on the stiffness of the structure as a whole. The introduction of the developed calculation method into engineering practice will allow designing hydraulic engineering structures such as a sheet pile wall with various shapes of counterforts. This will enable the construction of new deepwater hydraulic structures with an increased bearing capacity.
These studies are an additional development and a continuation of the research on the patented construction of a retaining sheet pile wall with counterforts.
Conclusion
1. The proposed method of calculation for determining the earth pressure on the front wall, taking into account the relief effect of the counterforts, can be used in the design of new types of deepwater piers -sheet pile walls with counterforts. Moreover, the counterfort shape can be rectangular, trapezoidal with downward expansion, and trapezoidal with upward expansion.
2. The conducted tests show that the use of counterforts in a sheet pile wall with the considered parameters reduces the pressure of the filling soil to 26 % due to the friction forces along the lateral surfaces of the counterforts.
3. By changing the step and the width and by choosing the shape of the counterforts, it is possible to change the amount of the relief effect on the front wall. Moreover, if the step is reduced or the width of the counterfort is increased, it is possible to achieve a greater relief effect or an effect required by the project. In this case, the step and the width of the counterfort are assigned to be divisible by the width of the sheet pile.
Introduction
Modern industry, transport and service sector are facing these days ever growing demand for innovative engineering solutions. Therefore the machine-building companies are inevitably shifting their focus towards development, pre-production and manufacturing of such products. A substantial part of such activities is related to thin-walled machine
